Abstract -An efficient full-wave CAD tool dedicated to coaxial waveguide junctions is presented. The tool is well suited to treat both standard coaxial lines and rectangularcircular coaxial waveguides. The case of offset internal conductors and dielectric filling are contemplated as well. The tool is very efficient and accurate, which allows to be used by iterative optimization procedures for the design of coaxial waveguide components such as low-pass and bandpass filters, and impedance transformers among other structures Direct coaxial excitations io rectangular waveguides can be characterized as well.
conductors can be easily characterized, while RectangularCircular (R-C) coaxial lines (composed of a circular conductor enclosed in a metallic rectangular housing) are not so casy to analyze. The latter geomeby is of particular interest in reason of its geometrical and electrical properties, since it features a rectangular housing (easy to manufacture and compatible with rectangular waveguide geometries) and a circular intemal conductor (no sharp edges, hence exhibiting low-losses).
Several approaches have been developed in the past to study such structures including mode matching [2], spectraldomain tcchniques [3], finite-elements and finitedifferences in time domain. Most of these techniques drive to a single-mode representation of waveguide junctions; the effect of the higher order modes excited at the discontinuities is lumped into a reactance. The use of hybrid techniques 141 has also been proposed to solve a wide range of waveguide problem and could he also used to treat coaxial structures, hut not very efficiently.
Nevertheless, to the authors' howledge, efficient CAD toals especially dedicated to the analysis of general coaxial junctions are still missing, in particular those providing a multi-modal characterization needed for accurate component design procedures, such as for instance the one presented in [5] for standard coaxial waveguides.
In this paper, we describe a full-wave CAD tool dedicated to these particular geometries, resulting in a very efficient and accurate multi-modal characterization of several coaxial waveguide junctions. The high efficiency of the presented tool permits its use within iterative optimization procedures in a very short time. The tool presented in this paper overcomes the limitation of dealing only with symmetrical geometries, limitation common to nearly all the hest performing methods developed in the past. A comprehensive example fully validates the right functioning and the efficiency of the CAD tool developed.
THEORETICAL BACKGROUND
The analysis approach used is based on the segmentation of a stmcture made of standard coaxial waveguides, R-C waveguides and rectangular waveguides in a cascade of guiding sections and waveguide junctions. Each building block is then characterized by means of its multimode generalized impedance matrix (GIM) [6] . The S-parameter description of the entire sbucture is obtained hy using the Integral Equation formulation described in [6], chapter 7.
The fmt step consists on computing the 111-wave modal spectrum of each waveguide. The Bounday Integral Resonant Mode Expansion (BI-I7ME) method [7] has been recently particularized to the efficient and accurate consideration of circular arcs [8], and has therefore been selected for integration in the CAD tool developed. The BI-RME method allows the detennhtion of the modal spectrum of an arbitrarily shaped waveguide by enclosing the waveguide itself in a rectangular (or circular) frame F. The modes of the waveguide under investigation are expressed in terms of a number (Nr) of modes of the !lame used. As side products of the modal characterization, the modal coupling coefficients hetween the modes of the arbitrarily shaped waveguide and the modes of the frame are obtained with a minor computational effort (see [6] , chapter 9).
Said respectively e,'Aw and etn the normalized electric The term included in the series (1) are already given once the modes of the AWs are computed by the BI-RME method, thus resulting into an efficient implementation.
APPLICATION To COAXIAL WAVEGUIDE COMPONENTS
The approach described in the previous section has been applied to the study of the guiding structures depicted in Fig. 1 . The number of modes of the rectangular 6ame used (coinciding with the rectangular housing of the R e s ) is always the same for all the waveguides, which allows the exploitation of (I).
EveIy R-C is identified by the radius of its internal conductor ( 4 ) and by its location within the 6ame, while the circular coaxial waveguides are defined in terms of the radii of the concentric circular conductors (&, &d and their location. For simplicity in Fig. 1 the circular conductors are placed at the center of the rectangular 6ame, but it is important to stress that analyzing eccentric conductors is also possible; which allows simulating mechanical misalignments due to manufacturing processes.
The possibility of having a dielectric medium filling the regions where the waves propagate (the gray regions in Fig. 1 ) has also been implemented by rescaling the cutoff 6equencies of the modes obtained by the BI-RME method. In case of having in the i-th WG a medium with &=E+ the cutoff 6equency of the j-th mode will be:
where f,$ is the cutoff frequency of the same mode propagating in the same region in case of &=l .
This capability enables the analysis of WGs having dielectric supports (typically Teflon) to keep the internal conductor in the right position inside the rectangular housing.
The above approach has been used to derive the GIM of the junctions generated connecting circular coaxial waveguides, R-C coaxial waveguides and rectangular waveguides to each other. Every waveguide belonging to one of these three families can be connected to a waveguide belonging to one of the three families. All the configurations are possible keeping in mind that:
Two waveguides involved in a junction must have the same rectangular 6ame F;
The circular contours of the conductors do nlot have to intersect each other.
. a ' i. Since in general equivalent circuits of microwave structures are given in terms of transmission lmes with a certain characteristic impedance level, a key point in the design of structures obtained by cascading different coaxial waveguides is to establish a unique relation between the physical dimensions of each R-C and the impedance level associated to the fundamental mode (TEM) propagating through it (for standard coaxial waveguides an exact analytical expression exists [6] , chapter 1). For this purpose a very efficient and accurate integral formulation has been developed.
11.
The electrostatic potential @(r) in an arbitrary observation point (defined by the vector r) located in the cross-section of the R-C, is given by [lo]:
where p,(l ) represents the surface charge density at a certain source point s located at the curvilinear coordinate I on the contour a of the internal conductor, and g(r,s) is the scalar two-dimensional Green's function for the tww dimensional Poisson's equation. Equation (3) is solved by using a Galerkin's Method of Moment (MOM) approach making use of entire domain basis functions to represent the surface charge density distribution along o.
The MOM approach drives to a matrix equation whose details are given in 171. Once the matrix equation is so1vt:d the surface charge density distribution along the contour tof the intemal conductor is known. The current flowing through the intemal conductor is computed as the circulation of the magnetic field around 0, hence in temls of px as (see Appendix):
The voltage between the internal and the extemal conductor of the R-C is simply obtained by evaluating (3) for an arbitrary observation point r located in cr. In fact the integral bas not to be evaluated since for the electrostatic case (TEM propagation through the R-C) cr is an equipotential region and there Q = mi,, constant and arbitrarily futed to 1. The characteristic impedance is tben computed as the ratio between the voltage and tbe current.
The use of entire domain basis functions (we selected stretcbed harmonic functions) makes the computation of thef. analytical, hence virtually instantaneous (see (A4)). The reduced number of required basis functions makes the MOM matrix equation very small in size and the computation of the characteristic impedance very efficient. The algorithm for the characteristic impedance computation bas been validated by several comparisons with published data [ l l ] and numerical simulations performed with CST Microwave Studio@ 4.2 (CST GmbH, Darmstadt, Germany). By using four basis functions to describe p. and 400 integration points along cr (driving to a very short computation time) the accuracy is in any case better than 0.1 %, even in case of strongly offset conductors. Further details of this method and verification results will be given dnring the talk.
Iv. EXAMPLE
The structure in Fig. 2 has been selected as an example of the analysis capabilities of the tool developed. The presence of different dielectric materials and offset conductors is contemplated. A common 6ame (10 mmxl3 mm) has been used for all the waveguides. Referred to the center of the frame the fust circular coaxial waveguide fiom the right bas a y-offset of 1 mm and the first R C f" the right has also a y-offset of 1 mm, whereas the remaining circular conductors are centered. The dielectric medium filling the input/output circular coaxial waveguides has G = 2, the remaining WGs are filled with
The structure has been also analyzed with the CST Microwave Studio@ 4.2 and with onr tool by using two different parameters settings, named Fast and Accurate, the difference being the number of interacting modes used to connect the different waveguide junctions and the number of frame modes NF used in the B I -M E algorithm
The simulated results are displayed in Fig. 3 _. __ _. As we can see (Fig. 3) , the Fast computation is better than a rough estimation of the response obtained by the Accurate simulation. In case of iterative optimization procedures, the Fast analysis could be used for nearly all the repeated runs, keeping the Accurute analysis for the final fine tuning. This would dramatically reduce the time required for a complex design.
V. CONCLUSION
In this paper a CAD tool for passive components based on coaxial waveguide junctions has been presented. The tool is able to treat standard circular coaxial waveguides as well as rectangular-eircular waveguides, including dielectric filling and offset internal conductors. The tool is very efficient and accurate, thus making possible advanced design even using iterative optimization procedures.
The theoretical background and its application to the specific structure have been presented. An efficient formulation for the numerical evaluation of the characteristic impedance associated to the TEM mode propagating through a rectangularcircular waveguide has been described in detail. This formulation enables a direct correspondence with transmission line models.
The analysis results of a complex example have been compared with the ones obtained by using a wellestablished commercial tool Since the internal conductor is assumed to be perfectly conductive, E. = p. le, then we have:
where thef. are given by:
